cracking products (CP), containing three or 5 carbon atoms in the molecule as well as oligomer products (OP), which contain more than eighth carbon atoms ( Figure 1 ). It was observed that the presence of Brønsted and Lewis acid sites affected not only conversion of butenes to octenes but also side reactions such as cracking [12] . Thus it is interesting to follow the product selectivities as a function of conversion. Generally it can be stated that catalysts with higher acidity produce more cracking products, whereas mildly acidic catalysts are preferred for the formation of C8 products [12] as was observed in our previous mesoporous arrangement (FAU/MCM-41 [25] , MFI/MCM-41 [26] . One benefit of using micro-mesoporous materials is that they have a bimodal pore system thus improving the efficiency of zeolites [27] . The synthesis of micro-mesoporous materials can be performed in a consecutive manner, i.e. by re-crystallizing the walls of mesoporous materials [25] or by introducing MCM-41 on FAU [22] .
The aim in this work was to compare the catalytic performance of microporous H-Beta with H-Beta embedded in H-MCM-41 containing various amounts of aluminum in n-butene dimerization at 523 K under 20 bar in the liquid phase.
The synthesis of such materials has already been disclosed in a patent [17] . Extra aluminum has been incorporated in the silica structure of the mesoporous material. Since the zeolites are not very selective in n-butene dimerization and the desired products for fuel application are branched ones, the benefit of using embedded micro-mesoporous catalysts was successfully demonstrated here.
Experimental Procedure

Catalyst synthesis and characterization
Beta zeolite was synthesized starting from sodium aluminate, NaAlO 2 , tetraethyl ammonium hydroxide and colloidal silica. The formed gel was inserted into an autoclave at 423 K for 65 h without stirring and thereafter the solid material was filtered, washed and dried at 383 K and calcined at 823 K. The synthesized Beta zeolite was used as a nuclei precursor. The Na-MM-BE type of micro-mesoporous materials with three different acidities were synthesized using the following reagents in the gel synthesis for the mesoporous material: fumed silica, tetramethylammonium silicate, sodium silicate and tetradecyltrimethyl ammonium bromide. Thereafter, Beta zeolite nuclei precursor was combined with the above mentioned gel. Three embedded catalysts were prepared: Na-NK-MM-BE-A, Na-NK-MM-BE-B and Na-NK-MM-BE-C. Na-NK-MM-BE-A did not contain any added aluminum and its aluminum content was only 1 wt.% [17] . In addition, an extra aluminum source (aluminum isopropoxide) was used for the preparation of the following catalysts: Na-MM-BE-B with 2.4 wt.% Al and Na-NK-MM-BE-C with 3.6 wt.% Al. The amounts of different chemicals for synthesis of Na-forms of NK-MM-BE materials are shown in Table 1 . The synthesis of MM-BE type of embedded mesoporous materials was carried out for 96 h at 373 K. After completion of the synthesis, solid materials were filtered and washed with distilled water, dried at 373 K and calcined in a muffle oven. The parent forms of Na-NK-MM-BE-A, Na-NK-MM-BE-B and Na-NK-MM-BE-C were ion-exchanged with 1 M ammonium nitrate solution for 24 h. After ion-exchange the embedded mesoporous materials were washed with distilled water, dried at 373 K and calcined in a muffle oven to obtain proton forms of the catalysts. Details of the catalyst synthesis have been reported previously [17, 29] . As a comparison for embedded micro-mesoporous catalysts also the performance of H-Beta-22, in which 22 denotes the SiO 2 /Al 2 O 3 molar ratio, was studied. H-Beta-22 was synthesized using a slightly modified publication, in which the performance of Beta zeolite and H-MCM-41 was studied. In addition, H-Beta zeolite catalyst with mild Brønsted acid sites exhibited higher selectivity to octenes than H-Beta zeolite catalyst with strong Brønsted acid sites [9] .
Dimerization of butenes in gas and liquid phases has also been studied over Ni modified zeolite catalysts, in addition to acidic zeolite and mesoporous catalysts [10, 11] . Although Ni modified zeolite catalysts exhibited high selectivity to octenes, the catalysts deactivated due to the coke formation. It is note worthy to mention here that besides coke formation on Ni zeolite catalysts, presence of even small amounts of butadiene, may cause deactivation of the Ni catalysts. Dimerization reaction of butenes to octenes over Ni zeolites was reported to be influenced by amount, dispersion and oxidation state of Ni [10, 11] .
High selectivity to octenes was, however, achieved over mesoporous catalysts with mild Brønsted and Lewis acid sites, such as H-MCM-41 [12] . The H-Beta zeolite containing strong Brønsted acid sites, exhibited a decrease in selectivity to the desired C 8 hydrocarbon products and an increase in cracking products. In dimerization of n-butene the target is to achieve more branched C 8 [13] [14] [15] and recently a review of different methods to prepare embedded mesoporous materials has been published [16] . Increase in acidity of mesoporous materials by varying the Si/Al ratios and modification by heteropoly acids are some of the methods often applied. Enhancement in Brønsted and Lewis acid sites has also been obtained by embedding zeolites in mesoporous materials [17] .
The synthesis of mesoporous ordered molecular sieves was invented in the beginning of 1990's [18] . with enhanced thermal stability, surface area and pore volume has been synthesized [19] . In many acid catalyzed reactions, however, higher catalytic activities can be achieved with zeolites than with MCM-41 materials, as was also the case in our recent work showing the higher activities of H-Beta zeolite compared to H-MCM-41 in liquid phase dimerization of 1-butene [12] . One way to tune the acidic properties of mesoporous catalysts is to prepare embedded micro-and mesoporous materials [20] [21] [22] .
Increased catalytic activity in cumene cracking at 300°C was reported for MCM-41 catalyst containing ZSM-5 crystallites inside the mesopores [23] .
Several different types of composite materials have been prepared, such as micro-mesoporous materials exhibiting mesopores inside zeolite crystals [24] , zeolite walls with Desorption (NH 3 -TPD) was used for evaluation of total acidity.
The TPD instrument, AMI-100 from Altamira was equipped with a mass spectrometer detector. Quantification of the desorbed The pulse calibration was made for every sample. The NH 3 -adsorption, He-purging were repeated at 473, 523 and 573 K, with TPD measurements after each adsorption. After 473 K adsorption and purging the low temperature peak from weakly bound NH 3 was absent.
Reactor setup and experimental procedure
Typically 1-butene dimerization was performed in the liquid phase under 20 bar at 523 K using n-heptane (Sigma Aldrich, 99.99%) as a solvent. The initial solvent volume was 125 ml and the catalyst to n-butene mass ratio was about 2. The vapor pressure of n-heptane is at 523 K about 22 bar [29] and when calculating the moles of n-heptane at 20 bar and at 523 K in the gas phase using the ideal gas law, it showed that most of n-heptane is in the liquid phase under these conditions. The catalyst was slowly heated under nitrogen to 623 K and cooled to room temperature. Thereafter, solvent was added to the reactor followed by addition of n-butene, until the gas-liquid equilibrium was reached. The reaction mixture was heated with 20 K/min and finally pressurized with nitrogen to achieve the desired temperature and pressure. The experiments were performed under kinetic regime facilitated by the use of small catalyst particles (below 63 μm) and vigorous stirring (1500 rpm).
The samples were taken from the reactor and they were stored at 263 K prior to analysis.
Product analysis
A gas chromatograph (Agilent 6890N) equipped with a capillary column (GS-Alumina, 50 m, 0.53 mm, 15 μm) and a FI detector method described in [30] as follows: Colloidal silica (Ludox As 40, Aldrich) was mixed with distilled water. Tetraethylammonium hydroxide was added to a solution containing sodium aluminate in distilled water and stirred. Thereafter the gel was transferred to a Teflon cup and inserted into a 300 ml autoclave. The zeolite synthesis was performed at 423 K for 96 h. The crystalline product was filtered, washed with distilled water, dried at 373 K for 10 h and calcined at 823 K for 9 h in a muffle oven.
Thereafter the H-Beta-22 was obtained via ion-exchange of the corresponding Na-form with 1 M ammonium nitrate for 24 h at room temperature, washed with distilled water, dried at 373 K and calcined at 773 K for 4 h.
The parent forms of the embedded mesoporous materials were denoted as Na-NK-MM-BE-A, Na-NK-MM-BE-B and Na-
NK-MM-BE-C and their proton form counter parts were denoted as H-NK-MM-BE-A, H-NK-MM-BE-B and H-NK-MM-BE-C.
The phase purity and structure of Na-Beta-22 zeolite, Na-NK-MM-BE-A, Na-NK-MM-BE-B and Na-NK-MM-BE-C were studied by X-ray powder diffraction (Philips PW 1800). XRD measurements were performed with Ni filtered Cu K a radiation, 50 kV and 40 mA, using automatic divergence slit and step size 0.020 °2Θ. Furthermore, the unit cell dimension of MCM-41 was calculated according to the eq. a 0 =2*d [100] /√3 [31] .
The transmission electron microscopy (JEOL 2010 microscope) was used to study the morphology, periodicity, pore shape and size of the embedded mesoporous materials.
The specific surface areas of the catalysts were measured by nitrogen adsorption method using TriStar 3000 (Micromeritics).
Prior to the measurements the catalysts were outgassed at 573 The uniform pores and their regular periodicity agree with the mesoporous dimensions measured from the X-ray diffraction patterns, which also has been reported previously [29] .
was used for quantitative analysis. The liquid phase products were identified by a GC-MS (HP 6890-5973) combined with a pattern recognition technique -Soft Independent Modelling of Class Analogy (SIMCA) [34] . Thus it was possible to group different octene isomers, dimethylhexenes (DMH), trimethylpentenes (TMP) and methylheptenes (MH) based on structural similarities, i.e. degree of branching and double-bond position. The details in the application of this method are analogous to [35] . DMH, TMP and MH as product groups are presented below. In addition, large hydrocarbons containing more than 8 carbon atoms are given as a sum.
Results and Discussion
Catalyst characterization results
The synthesis and characterization of Beta-22 zeolite and embedded mesoporous materials have been reported earlier [29] and thus only the main characteristics of these catalysts are given here. The micro-mesoporous embedded materials contained about 30 wt.% zeolite [29] . The specific surface areas of the studied catalysts are given in Table 2 . In addition, the mesopore surface area of Na-NK-MM-BE-A was 884 m 2 /g and the BJH pore diameter was 2.7 nm [17] . These results showed that a slight decrease in specific surface area was observed when aluminum was incorporated in the catalyst. The unit cell size of MCM-41 in Na-NK-MM-BE-A, Na-NK-MM-BE-B were 4.0 and 4.1 nm, respectively [17] . The pore wall thickness was typically 1.5 -2 nm [29] . The formation of the embedded mesoporous materials was confirmed by X-ray powder diffraction showing clearly the presence of both MCM-41 and Beta zeolite structures [17, 29] . In comparison with ref. [21] it can be stated, based on surface area, that the amount of zeolite beta is larger in the material reported in ref. [21] than in the embedded materials reported in this work. In addition, a larger unit cell dimension, about 4.7 -4.9 nm in given in [21] compared to the current case with 4.0 to 4.1 nm, indicating that the catalytic materials are quite different. Furthermore, Na-NK-MM-BE embedded materials were thermally stable up to 1173 K confirmed by X-ray powder diffraction and scanning electron microscopic characterization of thermally treated materials [29] .
The X-ray powder diffraction pattern for Na-Beta-22 exhibited pure phase of Beta zeolite. Na-NK-MM-BE-A, Na-NK-MM-BE-B and Na-NK-MM-BE-C embedded mesoporous materials exhibited phases of microporous Beta zeolite and mesoporous MCM-41 structure. The X-ray powder diffraction patterns of Na-NK-MM-BE-A in Figure 2a and Na-NK-MM-BE-B calcined at 1123 K is presented in Figure 2b . In both patterns the ordered mesoporous domains give rise to three sharp reflections below 10 °2Θ, followed by the less intense reflections from zeolite Beta domains above 6 °2Θ. In addition a significant amount of amorphous matter gives rise to a hump in the base line between 20 and 35 °2Θ.
The scanning electron micrographs of Na-NK-MM-BE-A also showed the presence of macropores in the micro-mesoporous material ( Figure 3 ). Transmission electron micrographs of H-NK- for embedded micro-mesoporous materials in this work, it can be seen that they vary in the range of 210 -325 μmol/g (Table 3) whereas the corresponding amounts of acid sites reported in ref [21] are in the range of 305-382 μmol/g. From the TPD curves in 
MM-BE-C and H-NK-MM-BE-B embedded mesoporous materials
Kinetic results from dimerization of 1-butene over H-Beta-22 and embedded microporous mesoporous catalysts with different acidities
The catalytic performance of the three different embedded mesoporous materials was compared with the performance of the H-Beta-22 microporous catalyst. Brief reaction network in 1-butene dimerization over zeolites and mesoporous materials is shown in Figure 1 . In the first step n-butene isomerizes to cis-and trans-butene. Thereafter butenes are converted to other products, such as octenes via dimerization and hexanes
The concentration of acid sites in the four studied catalysts analyzed either by pyridine or ammonia desorption are given in Tables 2 and 3 . The concentrations of Brønsted acid sites did not clearly correlate with increasing aluminum content, Table 2 .
In a previous study it was reported that the aluminum added at the embedding step did not enhance Brønsted acidity in the embedded Beta zeolite [29] . In this study Beta zeolite embedded Table 2 . The product distribution obtained over different catalysts is given in Table 4 at 70% conversion of n-butene for H-Beta-22, Table 4 are in the kinetic regime. Since the conversion of n-butene was only 15 % over H-NK-MM-BE-A after 370 min, the corresponding selectivity for this catalyst was given at 15%
Concentrations of Brønsted and Lewis acid sites in H-NK-MM-BE-A, H-NK-MM-BE-B, H-NK-MM-BE-C embedded mesoporous materials and H-
level. The selectivity to C8 products decreased with increasing number of strong acid sites and with increasing conversion (Table 4 , Figure 7b ). The reason for the decreasing selectivity of C8 products with increasing conversion is the cracking of C8 and C7 products to C3, C4 and C5 products, which was enhanced by higher Brønsted acidity over H-Beta-22 catalyst followed by H-NK-MM-BE-C and H-NK-MM-BE-B embedded mesoporous materials. It was also interesting to observe that the ratio of C3
to C5 products at 70 % conversion decreased from H-Beta-22 
Selectivity to different products at 70% conversion level in n-butene dimerization over H-NK-MM-BE-A, H-NK-MM-BE-B, H-NK-MM-BE-C embedded mesoporous materials and H-Beta-22.
a conversion level of 15% 
Symbols: (•) H-NK-MM-BE-A, (▲) H-NK-MM-BE-B, (■) H-NK-MM-BE-C and (♦) H-Beta-22.
a b C8 and large molecules is given in Figure 8 for the most selective catalyst, H-NK-MM-BE-B. This figure clearly shows that these types of novel embedded micro-mesoporous catalysts with tuned acidic properties are promising catalyst for n-butene dimerization having both large pore sizes and sufficient acidity.
When studying the selectivity of both small and large products including either propene and pentenes or molecules with nine or more carbon atoms in their chain, it can be stated that their concentrations are increasing with increasing number of acid sites (compare Tables 2-3 with Table 4 ). The most interesting result comes from comparison of the performances of H-Beta-22
and H-NK-MM-BE-B catalysts and the selectivities to cracking products, C6, C7 and oligomer products (sum of C9, C10 and C11) shown in Figure 9 . Propenes are cracking products, which in the consecutive steps react to hexanes. The selectivity to CP was increased with H-Beta-22 from 7 mol% up to 38 mol% when increasing the conversion from 32 % to 86 %, whereas the corresponding selectivity for the embedded H-NK-MM-BE-B catalyst was increasing from 7 mol% up to only about 13 mol% with the increase in conversion from 32 mol% to 82 mol% ( Figure 9a ). Both propenes and pentenes are formed from 
